Harlequin bug, Murgantia histrionica (Hahn) (Hemiptera: Pentatomidae), is a widespread pest that feeds on a variety of brassicaceous crops and other plants. To understand olfactory cues that mediate host-finding, and their possible utility in pest management, we deployed aggregation pheromone (mixed murgantiols = 10,11-epoxy-1-bisabolen-3-ols) and/or isothiocyanate (ITC) host plant volatiles with potted host plants and nonhost soybean, in field choice bioassays. Adults of both sexes were strongly attracted (10-31×) to collard host plants baited with pheromone lures, compared with unbaited collards, as were nymphs. Collard plants baited with lures containing allyl and/or benzyl-ITC showed a 1.3× and 1.9× increase in attractiveness, respectively, neither differing by life-stage nor sex; multiple lures showed additive attraction. Nonhost soybean, baited with pheromone lure, was 4.6-7.5× more attractive to adults than unbaited collard; conversely, baited collard was 124× more attractive than unbaited soybean. The stark difference in observed effect of pheromone lure between unpoisoned plants, and those poisoned with imidacloprid, indicated that attraction was underestimated by circa-daily counts of unpoisoned plants, presumably because if not poisoned, bugs rapidly abandoned the baited nonhost soybean plant. Results indicate that harlequin bugs can be misled to encounter and feed on nonhosts by their aggregation pheromone, but additional means may be needed to retain them. Attraction to hosts is increased both by the aggregation pheromone, and at least two host plant volatiles, allyl and benzyl-ITC. These results contribute to our knowledge of host finding in harlequin bug, and to possible trapping and trap cropping schemes for pest management.
major component, the SSRS isomer, and the H. halys minor component, (3R,6S,7R,10S)-10,11-epoxy-1-bisabolen-3-ol .
Trap cropping, the use of a plant or plants that attract agricultural pests away from nearby crops, has been known as a pest management technique for centuries (Hokkanen 1991) . More recently, desire to avert pesticide resistance and other environmental consequences of chemical control, combined with newfound knowledge of pest behavior and plant biology, has provoked a reexamination of trap cropping (Hokkanen 1991; Shelton and Badenes-Perez 2006) . However, worldwide, only about 10 trap cropping schemes have reached widespread commercial adoption, largely due to its knowledge-intensive nature, and the costs in terms of land, labor required for maintenance, compared with the low cost of pesticidal treatments (Shelton and Badenes-Perez 2006) . To be an economically viable option, the initial establishment and future maintenance costs must be limited in comparison to the cost of crop upkeep (Parker et al. 2013) . Only in the case of bark beetles, Dendroctonus and Dryocoetes, have aggregation pheromones been deployed successfully for widespread semiochemically assisted trap cropping (Greenwood and Borden 2000, and references therein) . Among the Pentatomidae and Chrysomelidae, there are several aggregation pheromones that offer the opportunity to increase attraction of pests to trap crops, thereby increasing the feasibility of trap cropping. Krupke et al. (2001 Krupke et al. ( , 2006 attracted the stink bug Euschistus conspersus (Uhler) to pheromone-baited mullein plants adjacent to apple orchards in Washington state. Tillman and Cottrell (2012) tested the effectiveness in Georgia (United States) of a trap crop of grain sorghum, with and without the addition of pyramidal traps containing methyl (2E,4Z)-2,4-decadienoate, and found the trap crop prevented some movement of Euschistus servus into a cotton crop, but that the addition of pheromone traps did not enhance the protective effect. Tillman et al. (2015) obtained a similar result of trap crop effectiveness with or without pheromone augmentation. Morrison et al. (2016a) investigated an attract-and-kill tactic for H. halys in apple orchards using pesticide-treated trap trees baited with mixed murgantiols and methyl-(E,E,Z)-2,4,6-decatrienoate, a synergist of the pheromone ). The study found equivalent or lower stink bug damage in apple blocks with lures when compared with grower standard blocks throughout the season.
Both pheromone and host plant volatiles have the potential to function in monitoring and suppressing bug populations. ITCs are characteristic of mustard family plants which are harlequin bug hosts, and they have been successfully used to attract mustard-family specialist flea beetles (Soroka et al. 2005, Tóth and Csonka 2009 ). Wallingford et al. (2013) successfully tested the use of a mustard (Brassica juncea cv. 'Southern Giant Curled') trap crop to manage harlequin bug on collard (Brassica oleracea var. acephala cv. 'Champion'), prior to the availability of the synthetic aggregation pheromone. Therefore, we aimed to determine how the aggregation pheromone, with or without plant volatiles, could alter the attractiveness of both host and of nonhost plants, for possible utility in a trap cropping strategy for management of this pest.
Materials and Methods
We used two-way and eight-way field bioassays with different combinations of plants, aggregation pheromone, and plant volatiles to test for attraction and retention of harlequin bug adults and nymphs. Experiments were performed at the Beltsville Agricultural Research Center (BARC) North Farm (39°01′33.58″N 76°55′58.36″W) and (for eight-way tests only) on South Farm (39°01′03″N 76°56′33″W) in Beltsville and College Park, MD, USA, respectively, in September and October of both 2014 and 2016.
Insects
Adult and nymphal (third to fifth instar) harlequin bugs were hand-collected in 2014 from surrounding cabbage fields and radish cover crops on BARC premises 1 d prior to release and were kept under natural photoperiod in a greenhouse with temperatures about 25°C with collard leaves (Brassica oleracea L. var. acephala, cv. Champion or Flash). About 100 adults were used in each twoway field release. Adults and nymphs were used in eight-way field releases as described below. In 2016, 100-150 adult and nymphal harlequin bugs were captured from the field or taken from a colony established during summer 2016 and held as above.
Plants
Soybean (Glycine max L., cv. Butterbean), collard (cv. Champion or Flash), rapini (Brassica rapa L., cv. Ruvo), kale (Brassica oleracea L., var. acephala, cv. Winterbor), and mustard greens (Brassica juncea L., cv. Southern Giant Curled) were grown in 1.5 liter pots (15 cm diameter at upper lip) with potting soil (Promix BX, Premier Tech Horticulture, Rivière-du-Loup, Québec, Canada), fertilized with slow-release fertilizer (Osmocote Pro, Scotts Miracle-Gro, Marysville, OH, USA) in greenhouses (20-25°C) until they reached about 20 cm high and 40 cm in breadth for use in field bioassays.
Synthetic Attractants
Mixed (7R) murgantiols containing 31 mg total, and ~2 mg each of SSRS and SSRR were infused into rubber septa as in Weber et al. (2014a) . The same blend was used alone and in conjunction with allyl-ITC (95% purity) and/or benzyl-ITC (98%) (Aldrich Chemical Company, Milwaukee, WI, USA), in each case 10 mg infused neat in a cotton wick.
Two-Way Field Bioassays
Four two-way field release and recapture bioassay, squares were laid out as shown in Fig. 1A , with each of the two treatments represented on each of four sides of a 30 m × 30 m square with central release point, in a fallow field with no host plants present. Each of the eight plants was, therefore, equidistant (16 m) from the center. On each side of each square, a collard and the other test plant (either one of the three other cultivated host plants-kale, mustard greens, and rapini-or a nonhost, soybean) were placed in random order. The top and lure basket of a green Unitrap (International Pheromone Systems Ltd., Cheshire, UK, purchased from Great Lakes IPM, Vestaburg, MI, USA) was positioned over the plants with a 1 m bendable metal flower stake in the soil (Fig. 2) , with the lure basket containing the appropriate lure(s) (or none). Each potted plant was placed inside of a nesting pot already in the soil, with the lip of the top pot flush with the soil level, so that the bugs could walk to the stem of the plant without encountering any barrier. On each release date, harlequin bugs were placed in the middle of each of the fields (with timing to discourage immediate bug flight: in 2014 ~0930 hours, 100 adults; and in 2016 in the scotophase soon after dusk, 100-150 each of adults and nymphs (third to fifth instar). Collard leaves from the release container were left with the bugs in the field until removal on the next collection day. For 4 d following the release (2014) or three times in the following week (2016), the harlequin bugs that reached the plants were collected from the plant (including within 30 cm of the stem), and the number and sex of the bugs were recorded. Following each collection in 2014, the position of the two plants on each of the four sides was rerandomized; in 2016, plants were rerandomized if more than 40 bugs were collected on a collection day. In 2014, four experiments with the following treatments were run simultaneously for each plant type: 1) both collard and other test plant without pheromone lure; 2) both with pheromone lure; 3) only collard with pheromone lure; and 4) only other plant with pheromone lure. In 2016, two 2-way tests were conducted simultaneously: collard without lures versus soybean with pheromone and with or without benzyl-ITC; these were paired trials with one test with no pesticide treatment, and the other test with all plants treated with a systemic neonicotinoid insecticide, imidacloprid, at a rate of 1.15 mg AI per pot (0.0021 ml of Imidacloprid 4F, AmTide, Irvine, CA, USA) in 10 ml water, at least 1 d before field trial, effectively causing any bugs that fed on it to be killed on or near the poisoned plant.
Eight-Way Field Bioassay
From 30 September to 16 October 2014, we also used an eight-way release and recapture bioassay square on South Farm of BARC, College Park, MD, USA, at the edges of a single square 1-ha field (planted with sweet corn earlier in the season, then tilled prior to use), deploying four randomized blocks of eight treatments each, corresponding to the four sides of the field. The release point was in the center of the field, and each potted test plant was separated by 12 m within the block and ≥12 m between blocks at the corners (Fig. 1B) . The eight treatments represented a three-way factorial test of pheromone, allyl-ITC, and benzyl-ITC as attractants in combination with a single type of host plant, collard, giving treatments as follows: On 30 September after dusk (1945 hours), we released 611 adults and 620 nymphs; a second release of 600 adults and 602 nymphs took place at 0820 hours on 7 October. Collections were made on October 1, 2, 3, 6, 7, 9, 10, 14, and 16. Treatments were re-randomized after each inspection. Lures were emplaced before release on 30 September, and replaced once, at noon on 7 October.
Statistical Analysis
For each two-way test, treatment totals for males and females were tested as to homogeneity with regard to treatment, and if found not different, adult numbers were combined and compared with those for nymphs (when released, 2016), with Fisher's 2 × 2 exact test using R 3.0.1 (R Development Core Team 2013). Treatment totals were then compared using exact binomial tests with 95% two-tailed confidence intervals (CI) using R 3.0.1. For tests run simultaneously, total numbers caught were compared using χ 2 goodness-offit tests and, if significant differences existed among total numbers, totals were compared pairwise by Bonferroni-corrected binomial exact tests for a familywise error rate of α = 0.05 (comparison-wise α = 0.0083). For the eight-way test, males and females were compared using a 2 × 8 χ 2 test, and, if found not different, adult numbers were pooled and compared, again using a 2 × 8 χ 2 test, to the totals for nymphs, using R 3.0.1 (R Development Core Team 2013). On the basis of the factorial design, we performed a log-linear analysis of the three-way (2 × 2 × 2) contingency table (Lowry 2017 ) for adults and nymphs separately, to test for interaction among the three factors tested (±pheromone, ±allyl-ITC, and ±benzyl-ITC). With no interaction, we tested for significance and magnitude of the effect of each factor by summing numbers for all treatments with and without that factor, and testing for differences between adults and nymphs using a Fisher's 2 × 2 exact test, with a subsequent binomial test for significance and magnitude of effect for the individual factor, with 95% CI, separately if adults and nymphs differed, and pooled, if they did not, according to the prior exact test.
Results

Collard Versus Other Host Plants With and Without Pheromone Lures
In all cases (six of six 2-way trials), host plants baited with pheromone accumulated significantly more adults than host plants without pheromone lures ( Fig. 3A-C) . In none of the 12 trials shown in Fig. 3 was there any significant difference between males and females in response to treatments (P > 0.05 in all cases, Fisher's exact tests).
Hosts with pheromone lures attracted on average 19.3 times more (10.2-31.0 times more in individual trials) harlequin bugs than did host plants without lures. Neither rapini, mustard, nor kale were significantly more attractive than collard when both were unbaited. When both treatments were baited with pheromone, there was no significant difference in attractiveness between collard and either rapini or mustard, but the baited collard combination was more attractive than baited kale ( Fig. 3B ; binomial test P = 0.01; multiple 1.7× with 95% CI (1.13, 2.62).
Collard Versus a Nonhost, Soybean
The nonhost plant soybean baited with pheromone attracted significantly more bugs than unbaited collard in two-way tests (Fig. 4) . However, collard was significantly more attractive than soybean when both were baited with pheromone, and when both were without pheromone lures. The greatest difference arose from the pairing of collard with pheromone, and soybean without pheromone (P < 0.0001; 124× with 95% CI [21.9, 4937] more attractive). There were no significant differences in male and female response (P > 0.05 in all four trials, Fisher's exact tests).
Attractiveness of ITC Volatiles With and Without Pheromone
Adults and nymphs were strongly attracted to pheromone-baited plants, and less-strongly attracted by the two ITCs, in an eightway field bioassay. A 2 × 8 χ 2 test showed no difference in male versus female response to the treatments (χ 2 = 7.1, df = 7, P = 0.42). However, adult (pooled) and nymphal response was different (χ 2 = 19.9, df = 7, P = 0.0058), and therefore, the subsequent three-way (2 × 2 × 2) log-linear analysis was performed separately for adults and nymphs. For both life stages, there were no interactions detected (three-way or any two-way) between the three factors (±pheromone, ±allyl-ITC, and ±benzyl-ITC) in the respective 2-wk totals (all P > 0.05, three-way G 2 log-linear analysis) (Fig. 5) . In a comparison of adults with nymphs, only the response to the pheromone treatment effect was significantly different (Fisher's 2 × 2 exact test, P = 0.00043). Adults were 11.1 times (binomial 95% CI: 7.8, 16.0; P < 10 -12 ) more likely to be found on pheromone-baited plants than nonpheromone-baited plants (Fig. 5A ). For nymphs, the pheromone effect was less pronounced at 4.6× (3.2, 6.7; P < 10 -12 ) (Fig. 5B) . Both ITCs showed a weaker effect that did not differ (Fisher's 2 × 2 exact test, P > 0.05) between adults and nymphs. Allyl-ITC-baited plants showed 1.3× (1.1, 1.6; P = 0.0002) greater totals for all bugs over the entire test period, whereas benzyl-ITC had somewhat stronger effect of 1.9× (1.6, 2.2; P < 10 -12 ).
Collard Versus a Nonhost, Soybean: Effect of Benzyl-ITC and Systemic Poisoning
Both poisoned and nonpoisoned treatments of soybean baited with pheromone only were significantly more attractive than collard without pheromone lure, in two-way field bioassays. The unpoisoned soy plant plus pheromone accumulated 3.8 times the number of bugs compared with the unbaited collard ( Fig. 6 top) , a magnitude of effect which did not differ significantly from the previous test in which the effect was 7.5× for adults only (Fig. 4) . However, the poisoned treatment of soybean with pheromone yielded a very different pattern: far higher numbers of adult harlequin bugs, 269 times the numbers on unbaited collards (Fisher's exact test of effect of pesticide), but no significant difference for nymphs ( Fig. 6, second bars). When the same treatment was augmented with benzyl-ITC, the effect was reduced such that the two unpoisoned treatments were not significantly different, and the poisoned treatments differed only by 24.5-fold (pooled adults and nymphal numbers, between which there was no difference in response). In no cases did male and female adult response differ, and in only one case did adult and nymphs response diverge significantly, as noted above (Fisher's exact test, P = 3.3 × 10 −7 ). The proportion of bugs differed sharply according to whether the treatments were both poisoned or not (Fisher's exact test, P = 5.6 × 10 −7 for adults, P = 0.75 [n.s.] for nymphs without benzyl-ITC; P = 1.5 × 10 −21 for pooled adults and nymphs for treatments with benzyl-ITC).
Discussion
The mixed-murgantiol pheromone lure is a very strong attractant: when deployed with single collard plants, the plants attracted over 16-fold more adult and nymphal harlequin bugs, compared with unbaited collard plants ). This response is dose-dependent and significantly enhanced by plant presence ). In the current study, comparison of host plants (mustard, rapini and kale, each versus collard), pheromone lures enhanced the numbers of adults by a mean of 17.6-fold (six comparisons, ranging from 10-to 31-fold; see Fig. 3A-C) , consistent with the earlier collard-versus-collard numbers. With the nonhost soybean plants, the response was similar, demonstrating strong attraction even to the nonhost when augmented with the pheromone lure. Although the magnitude was only 7.5-fold, the 95% CI (2.64, 29.3), overlapped that in the host plant trials. Conversely, the baited collard host versus the unbaited soybean, combining both the pheromone and a presumed host (versus nonhost) plant attraction, showed 124-fold effect (95% CI: 21.9, 4937). These results show that, while harlequin bug is strongly attracted by aggregation pheromone, its behavior is still significantly influenced by plant type. Consistent with this pattern, at the loadings we tested with both allyl and benzyl ITC, these mustard-family-associated volatiles are significantly attractive, but less so than the pheromone lures tested. We detected no positive or negative interaction among the plant-and bug-produced attractants, only additive attraction. As would be expected from the lack of interaction among the three treatments, the combination of two lures consistently resulted in increased bug numbers compared with the corresponding single-lure treatments, and the three-lure treatment (A + Fig. 3 . Adult harlequin bugs collected in 2-way field bioassays: (A) mustard and collard; (B) kale and collard; (C) rapini and collard; each trial with or without pheromone lure as indicated by legend and red outline. B + 20) resulted in the highest numbers overall for both adults and nymphs ( Fig. 5A and B) . Several other mustard-family specialist herbivore insects share an affinity for glucosinolates and their associated plant-produced volatile ITCs (Badenes-Pérez 2017; Himanen et al. 2017 ). Parallel to our observations for harlequin bug, ITCs add to the attraction of the aggregation pheromone for the crucifer-specialist flea beetle P. cruciferae, for which both allyl-ITC and the beetle's aggregation pheromone were attractive (Soroka et al. 2005, Tóth and Csonka 2009) . Furthermore, as shown by Tóth et al. (2012) , Phyllotreta species vary in their responsiveness to different ITCs, and may respond differently to multiple ITC volatiles. For Asian Phyllotreta striolata (F.), however, Beran et al. (2016) showed that "ecologically relevant" concentrations of allyl-ITC (lower than those used in earlier works above) are not attractive to beetles in the presence of their two-component aggregation pheromone. Furthermore, the effects of glucosinolates and ITCs on the agroecosystem are complex, with varying effects on different herbivorous pests and their natural enemies (Santolamazza-Carbone et al. 2014) . The weak effect of ITC volatiles that we observed in attraction of harlequin bugs, relative to the numbers attracted by the aggregation pheromone, could be a genuine reflection of their lesser importance in host plant location. However, we did not control the release rate of these volatile compounds, thus, the dose may have been higher or lower than optimal. Quantifying the release rate of the volatiles will be crucial to assessing what amount of volatile is optimal for attractant purposes, and at what release rate the ITC may be repellent. Also, blends of ITCs and/or other plant volatiles may provide more reliable cues for host-finding and thus may need to occur together for optimal attractiveness. In contrast, single components of an attractive olfactory bouquet may prove unattractive or even repellant (Webster et al. 2010 , Parker et al. 2016 .
Comparisons of the poisoned and unpoisoned plants make clear that the use of unpoisoned plants in field choice bioassays significantly underestimates the attractiveness of treatments with attractive lures, even if plants are sampled frequently and the bugs present are removed. This is particularly evident where the attractive plant treatment is a nonhost, as with soybean plus harlequin bug pheromone lure, attracting many bugs that apparently arrive and briefly feed upon the nonhost, then depart soon after their arrival. Thus, in the case of collard versus soybean plus pheromone ( Fig. 6 top  pair) , at least 269 adults arrived at the poisoned plants and were involuntarily retained, whereas only 35 were found retained when the unpoisoned plants were sampled at ~2 d intervals. This suggests that ~87% of bugs departed between successive sampling visits. In contrast, the unbaited collard plants in the same trial, though less attractive, were more retentive, showing eight adults on the collard plants in the unpoisoned trial, yet only one adult on the collard plants in the poisoned trial. The use of a systemic pesticide was employed solely to quantify any discrepancy between field bioassays where insects would feed and leave the plant, and field bioassays where the insects were arrested after feeding. While the importance of conducting field bioassays with a retention method was exemplified in this study's results, an alternate form of retention is favorable due to the negative effects of systemic pesticides on pollinators, and other nontarget insects and animals (Van Lexmond et al. 2015) . Wallingford (2012, Fig. 3.3) found in Y-tube bioassays that male harlequin bugs on a nonhost (common bean) attracted significantly fewer males or females than did bean alone, contrary to the situation with a collard or mustard host, in which male presence enhanced attractiveness, presumably due to aggregation pheromone emission. This indicates that males are honest in their communication of favorable plant resources, and that both females and other males evidence trust of this signal. By our use of a strong aggregation pheromone signal in this study, we have co-opted the male's communication and fooled the harlequin bugs into attraction and gustatory sampling (brief feeding) on the nonhost.
The insects' strong attraction to the aggregation pheromone causes them to sample the soybean plant despite its relative unattractiveness as a nonhost. This allows us to consider a trapping or trap cropping system reliant on the pheromone, without the necessity for the use of host plants, thus eliminating the potentially negative effects of attraction and reproduction of other mustard-family pests and pathogens. However, the pheromone does not promote retention of bugs even on host plants (Cabrera Walsh et al. 2016) . Bugs are attracted to and readily taste the nonhost soybean, but again are not retained: this is shown by the sharp divergence in results between poisoned and unpoisoned soybeans versus collard host. This result emphasizes the need for an effective retention method. A modeling study conducted by Holden et al. (2012) showed that a trap crop must be effective at retaining insects to reduce populations and damage on valuable crops. Parker et al. (2016) demonstrated that mixed (mustard, rape, and pak choi) trap crops were effective in reducing flea beetle (P. cruciferae) yield loss in adjacent broccoli crops; the mechanism was unclear and may have involved enhanced retention due to differing phenologies, olfactory and visual stimuli, compared with single-species trap crops tested. The ultimate retention is a deadend crop, in which gravid females are led to oviposit on a host on which their offspring cannot survive. Examples include mustard-family specialists in natural settings such as Pieris virginiensis Edwards (Lepidoptera: Pieridae) on an invasive host (Davis and Cipollini 2014) , or potentially in an agroecosystem for diamondback moth (Veromann et al. 2014) . In these dead-end crops, the choice is made by the ovipositing female, and although presumably the larva must then live (or die) with the consequences, the female might move on to feed (if a feeding adult) and oviposit elsewhere, including to the crop to be protected. In contrast, a crop that kills the visiting adult would constitute a potentially more effective dead-end crop. This would be the case, for instance, with deployment of Bt tenebrionis-transgenic potato trap crops for Colorado potato beetle suppression, proposed by Hoy (1999) .
The importance of visual cues from a real plant will need to be further examined, as it will provide insight on what is necessary to create an effective trapping system. Harlequin bugs are attracted to black or dark green color in the field (DiMeglio et al. 2017) . The elimination of the need for a physical plant could efficiently reduce the amount of time and labor it would take to maintain a trap plant. This could potentially lead to a more sustainable and economically efficient option for practical application. However, characteristics of the physical plant that promote retention may be difficult to simulate. Harlequin bugs communicate for courtship by vibrational signals through the plant substrate (Čokl et al. 2004) . They feed on the plant as part of host selection, as shown by their mortality in our trials with poisoned soybean plants.
The ages, sex, mating, and feeding status of the bugs used in this experiment were not known prior to capture, and therefore may have presented another set of factors that could have influenced a bug's decision in the field choice tests. The hosts fed upon by the bugs through each life stage can affect the bugs' subsequent behavior as an adult, as shown by Panizzi (1997) . Further characterizing the populations based on these factors could further increase our understanding of the bugs' behavior and lead to a more effective trapping and/or trap cropping systems.
